Oleylamine surface functionalized FeCoyFe2−yO4 (0.0⩽y⩽1.0) nanoparticles  by Amir, Md. et al.
Arabian Journal of Chemistry (2016) xxx, xxx–xxxKing Saud University
Arabian Journal of Chemistry
www.ksu.edu.sa
www.sciencedirect.comORIGINAL ARTICLEOleylamine surface functionalized FeCoyFe2yO4
(0.0 6 y 6 1.0) nanoparticles* Corresponding author at: Department of Bio & Nanotechnology
Engineering, Istanbul University, _Istanbul, Turkey.
E-mail addresses: mdamir01031001@gmail.com, mda.fatih@gmail.
com (Md. Amir).
Peer review under responsibility of King Saud University.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.arabjc.2016.10.010
1878-5352  2016 Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Please cite this article in press as: Amir, M. et al., Oleylamine surface functionalized FeCoyFe2yO4 (0.0 6 y 6 1.0) nanoparticles. Arabian Journal of C
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.010Md. Amir a,*, A. Baykal b, H. So¨zeri c, H. Gu¨ngu¨nes d, Sagar E. Shirsath eaDepartment of Bio & Nanotechnology Engineering, Faculty of Engineering, Istanbul University, 34320 Avcilar, _Istanbul, Turkey
bEYRA Textile Chemicals and Chemical Industry Trade Company, Saraclar Industrial Zone, No: 3-12, 34490, _Ikitelli,
_Istanbul, Turkey
cTUBITAK-UME, National Metrology Institute, 41470 Gebze, Kocaeli, Turkey
dDepartment of Physics, Hitit University, 19030 C¸orum, Turkey
eSpin Device Technology Center, Engineering Faculty, Shinshu University, 380-8553 Nagano, JapanReceived 20 June 2016; accepted 20 October 2016KEYWORDS
Magnetic properties;
Fe3O4, Co
3+ substitution;
Oleylamine;
Cation distribution;
Mo¨ssbauer analysisAbstract In this study, oleylamine (OAm) capped FeCoyFe2yO4 (0.0 6 y 6 1.0) nanocomposites
(NCs) were prepared via a polyol route. Effect of Co3+ ion substitution on structure, morphology
and magnetic properties of Fe3O4 nanoparticles was investigated by X-ray diffraction (XRD), four-
ier transform infrared spectroscopy (FT-IR), thermal gravimetric analyzer (TGA), scanning and
transmission electron spectroscopy (SEM and TEM), vibrating sample magnetometer (VSM) and
Mo¨ssbauer analyzer. All XRD patterns show the single phase spinel ferrite without any impurity.
The crystallite size of the samples is within the range of 7.1–21.7 nm. FT-IR analysis showed that all
products were successfully packed by OAm. Both SEM and TEM results confirmed that products
have spherical morphology with small agglomeration. When Co3+ ions were substituted to the
Fe3O4, Ms continued to decrease up to Co
3+ content of y= 0.4. It was reported that Co3+ ions
prefer to replace Fe2+ ions on octahedral side up to some concentration. Although the Mo¨ssbauer
spectra for the all samples were composed of magnetic sextets, superparamagnetic particles are also
formed for FeCo0.6Fe1.4O4, FeCo0.8Fe1.2O4 and FeCoFe2O4 samples.
 2016 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recently, the preparation of nanoparticles with difference in size
becomes more for researchers and scientist worldwide (Manikandan
et al., 2014; Amir et al., 2015). Many researchers have reported the
new development of nanoscale crystalline ferrites considered as very
suitable materials for electrical devices such as electric generators,
microwave devices, transformers, and storage devices due to their
strange optical, magnetic, and dielectric behavior (Sathishkumar
et al., 2010).hemistry
2 Md. Amir et al.In recent years, inorganic and organic hybrid magnetic nanocom-
posites have been intensely investigated because they have unusual
magnetic, optical, thermal and electrical properties (Grosso et al.,
2011). Erdemi et al. tried to prepare TEG@MnFe2O4 (Triethylene
Glycol@MnFe2O4) magnetic nanocomposite via a simple polyol route
(Erdemi and Baykal, 2015). Durmus et al. synthesized the polyaniline
(PANI)–Mn3O4 magnetic nanocomposite by sonochemical method
(Durmus et al., 2011). Nisar et al. reported the preparation of poly-
ethylene based magnetic nanocomposites (Nisar et al., 2016). Yuan
et al. reported the mesoporous CoFe2O4-containing silica magnetic
nanocomposites (Yuan et al., 2013). Since a decade, Oleylamine
coating/capped-metal oxide magnetic nanocomposites have been stud-
ied by many researchers due to its physiochemical properties which
makes them a very useful materials for technological applications such
as photovoltaic cell, catalyst, and semi conductors (Khan et al., 2014;
Wu and Zheng, 2013; Malik, 2013). These coating are not only to pro-
tect the magnetic nanoparticles, but also to provide a new platform for
further functionalization that enhances the properties of the MNPs
and give a clear size and shape information of this nanoparticles.
Organic solvents such as polyethylene glycol, Oleylamine (Oam), tri-
ethylene glycol, oleic acid, diethylene glycol are very efficient for the
synthesis of several types of metallic, metal-oxide and semiconductor
nanostructures (Mourdikoudis and Marzan, 2013; Xu et al., 2009).
So far, many studies have been done on the preparation of M2+ or
M3+ substituted Fe3O4 nanoparticles. Amighian et al. (2013) investi-
gated the effect of Mn2+ substitution on magnetic properties of
Fe3O4 nanoparticles prepared by coprecipitation method. The
microstructure and magnetotransport properties of Cu doped Fe3O4
films were investigated by Tripathy et al. (2008). Giri et al. (2008)
investigated the biomedical applications of water based ferrofluids of
substituted ferrites [Fe1xBxFe2O4, (B =Mn, Co), (x= 0–1)]. Amir
et al. (2015) studied the synthesis and electrical property investigation
of Mn3+ substituted Fe3O4 nanoparticles via polyol route. Gu¨ner et al.Scheme 1 Schematic repr
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(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.010(2015) studied Magneto-optical properties of Mn3+ substituted Fe3O4
nanoparticles. Amir et al. presented the Magneto-optical and electrical
properties of FeBxFe22xO4 nanoparticles (Amir et al., 2015a, 2015b)
and electrical Properties of Cu Substituted Fe3O4 nanoparticles
(Amir et al., 2016). Kumari et al. (2014) studied the synthesis and
dielectric properties of Cr3+ substituted Fe3O4 nanoparticles.
Varhney and Yogi (2014) tried to investigate the electrical transport
properties of ZnxFe3xO4.
In this study, FeCoyFe2yO4 @OAm NCs were prepared by polyol
route for the first time and the effect of Co3+ substitution and oley-
lamine (OAm) coating on Fe3O4 magnetic properties was investigated
and their cation distribution and Mo¨ssbauer analyses of the products
were also presented.
2. Synthesis
2.1. Materials and instrumentations
All the chemicals, Cobalt(III) acetylacetonate (99.99% trace
metals), Iron(II) acetylacetonate, Iron(III) (99.95% trace met-
als basis) and Oleylamine (technical grade, 70%) were received
from Merck and used as received.
To investigate the nature of the chemical bonds formed in
the final products, Perkin Elmer BX FT-IR infrared spectrom-
eter was used in the range of 4000–400 cm1.
The crystalline structure of FeCoyFe2yO4@OAmNCs was
detected by X-ray diffraction measurements (XRD) of Rigaku
D/Max—IIIC with Cu Ka, in the 2h range of 20–70.
Scanning Electron Microscopy (SEM) analysis was per-
formed using FEI XL40 Sirion FEG Digital Scanning Micro-esentation of synthesis.
ed FeCoyFe2yO4 (0.0 6 y 6 1.0) nanoparticles. Arabian Journal of Chemistry
Oleylamine surface functionalized nanoparticles 3scope. Samples were coated with gold at 10 mA for 2 min prior
to SEM analysis.
Additionally the surface morphology of the FeCoyFe2yO4@
OAm NCs was done by Transmission electron microscopy
(TEM) analysis using a FEI Tecnai G2 Sphera microscope.
A drop of diluted sample in alcohol was dripped on the
TEM grid.
For TG analysis, Perkin Elmer Instruments model, STA
6000 instrument was used to get the information of thermal
stability of FeCoyFe2yO4@OAm NCs. It was recorded under
nitrogen gas atmosphere in the temperature range of 30–
750 C (10 C/min).
Vibrating sample magnetometer (LDJ Electronics Inc.
Model 9600) was used for VSM measurements and the mag-
netic characterization of FeCoyFe2yO4@OAm NCs was car-
ried out at room temperature in an external field up to 15 kOe.4000 3500 3000 2500
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Figure 1 (a) FT-IR spectra of FeCoyFe2yO4@OAm (0.0 6 y 6 1.0)
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(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.010The 25 mCi 57Co (Rh matrix) radiation source in transmis-
sion geometry was used to record the Mo¨ssbauer spectra of
FeCoyFe2yO4@OAm NCs at room temperature. Moreover,
Wissel velocity drive was applied and a-Fe was used to cali-
brate the speed scale which was performed with laser interfer-
ometry. Well-known Win-Normos least squares fitting
programs were used to get the Mo¨ssbauer spectra and were fit-
ted by the least square method. The quality of this data fitting
was investigated by the v2-test.
2.2. Procedure
For typical synthesis of FeCoyFe2yO4@OAm NCs
(0.0 6 y 6 1.0) nanocomposites, stoichiometric amounts of
metal acetylacetonates (Fe(acac)3, Fe(acac)2 and Co(acac)3)
were dissolved slowly with 15 ml OAm into a glass flask of2000 1500 1000 500
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NCs and (b) FT-IR spectra of FeCo0.4Fe1.6O4@OAm (y= 0.4).
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Figure 2 XRD powder patterns with Rietveld analysis for
FeCoyFe2yO4@OAm (0.0 6 y 6 1.0) NCs.
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Figure 3 Plot of specific magnetization as function of 1/H2 of
FeCoyFe2yO4@OAm (0.0 6 y 6 1.0) NCs.
Figure 4 The room temperature M-H hysteresis curves of
FeCoyFe2yO4@OAm (0.0 6 y 6 1.0) NCs.
4 Md. Amir et al.three neck. Then solution was refluxed at two different temper-
atures, first at 110 C for 60 min and then second was done at
300 C for 1 h under Ar gas. Then dark brown products were
taken out by simple permanent magnet. After that it was
washed by solvent like ethanol three times and then dried at
80 C for 4 h (Scheme 1).
3. Results and discussion
3.1. Infrared analysis
FT-IR spectrum of FeCoyFe2yO4@OAm NCs
(0.0 6 y 6 1.0) is presented in Fig. 1 which confirmed that
1380–1529 cm1 bands are due to the presence of NH2 bending
mode of OAm, and similarly the bands around 2836 and
2932 cm1 are for methyl stretching (Xu et al., 2009; Niasari
et al., 2009) and the peaks at 711 cm1 for C–C and
1005 cm1 belong to the C–N bending vibration (O¨zkaya
et al., 2009). Moreover, a main broad metal-oxygen typical
stretching modes are also observed between 520 and
570 cm1 which attributed the formation of spinel ferrites
(O¨zkaya et al., 2009). Thus, based on FT-IR results, we deduce
that FeCoyFe2yO4@OAm NCs are successfully capped by
oleylamine.Table 1 Co content, refined structural parameters for FeCoyFe2yO
Co content (y) A (A˚) V (A˚)3 C
0.0 8.359(1) 584.0(8) 1
0.2 8.337(5) 579.5(8) 1
0.4 8.351(9) 582.5(8) 2
0.6 8.378(3) 588.1(2) 1
0.8 8.369(6) 586.2(9) 7
1.0 8.373(9) 587.2(0) 7
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(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.0103.2. XRD analysis
XRD powder patterns with Rietveld analysis for FeCoyFe2y
O4@OAm NCs (0.0 6 y 6 1.0) NCs presented in Fig. 2
confirmed that all products have cubic spinel structure
consistent with Fe3O4 ICDD card no. 19-629. The low
crystallinity of all products revealed the nanoscale product4@OAm (0.0 6 y 6 1.0) NCs with space group Fd-3m (No. 227).
rystallite size (nm) ± 0.05 v2 (chi2) RBragg
7.1 0.96 9.9
1.7 0.95 17.3
1.7 1.11 33.0
0.7 0.99 15.9
.1 0.88 22.4
.3 0.89 17.0
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Table 2 Magnetic parameters of FeCoyFe2yO4@OAm
(0.0 6 y 6 1.0) NCs.
Co3+ concentration (y) Ms (emu/g) Hc (Oe) Dmag (nm)
0.0 44 275 19.97
0.2 44 290 14.25
0.4 36,8 820 23.31
0.6 61,3 60 15.37
0.8 52,2 60 14.10
1.0 56,1 60 13.67
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Figure 5 TG analysis of FeCoyFe2yO4@OAm (0.0 6 y 6 1.0)
NCs for y= 0.2, y= 0.6 and y= 1.0 substitutions.
Oleylamine surface functionalized nanoparticles 5formation for all substitutions (U¨nal et al., 2010). Rietveld
analyses were done by using the following hkl values (111),
(220), (311), (400), (422), (511), and (440) (U¨nal et al.,
2010). The average crystallite sizes (t) were calculated based
on 311 peak using Scherrer’s equation.
The Co content and refined structural parameters for
FeCoyFe2yO4@OAm NCs (0.0 6 y 6 1.0) NCs with space
group Fd-3m are tabulated in Table 1.
3.3. VSM analysis
The room temperature M-H hysteresis curves of FeCoyFe2y
O4@OAm NCs (0.0 6 y 6 1.0) NCs are given in Fig. 3. The
saturation magnetization of all products was determined by
intersection of the hysteresis curve with 1/H2 axis as 1/H2
approaches to zero. These magnetizations are not the satura-
tion (ss) values of powder samples. rs for each sample was esti-
mated by Stoner-Wohlfarth (S-W) model by extrapolating s vs
1/H2 plot to 1/H2 approaches zero (Sanchez-De Jesus et al.,
2014; Kojima and Wohlfarth, 1982). The S-W model applies
for non-interacting, single domain structures. The plot of mag-
netization as a function of 1/H2 is given for each y= 0.0 and
CoyFe1yFe2O4@OAm nanocomposite sample in Fig. 4. It
can be seen in Fig. 4, the estimated rs magnitudes vary between
minimum of 36.8 emu/g and maximum of 61.3 emu/g. Magne-
tization decreases with increasing Co3+ content at different
magnitudes. The saturation magnetization of the sample hav-
ing minimum Co3+ concentration (i.e. y= 0.2) is significantly
lower than that of the pure Fe3O4 NPs which is nearly
76.5 emu/g (Lee et al., 1998). This substantial decrease in Ms
can be due to the adsorption of Oleylamine molecules to the
surface of Fe3O4 NPs through oxygen ions which have an
important role in super exchange interaction between Fe3+
and Fe2+ ions. This weakens interlayer super exchange inter-
action (JAB) Fe
3+ - O2- Fe2+ which gives rise to a decrease
in Ms. When Co3+ ions were substituted to the Fe3O4, Ms
continued to decrease up to Co3+ content of y= 0.4. It was
reported that Co3+ ions prefer to replace Fe2+ ions on octahe-
dral side up to some concentration (Ahmed et al., 2010). The
smaller ionic radii of the Co3+ ions (0.78 A˚) disturb the JAB
exchange interaction diminishing the magnetization of B-
sublattice (i.e., MB). As a result, the net magnetization of
Fe3O4 NPs decreases. Further increase of Co
3+ concentration
to y= 0.6 increased Ms from 36.8 emu/g to 61.3 emu/g which
is a consequence of a decrease inMA due to the replacement of
the substituted ions with Fe2+ ions on tetrahedral side. Our
Mo¨ssbauer analysis also confirmed that Co3+ ions replace
the Fe2+ ions on tetrahedral sites when yP 0.6.Please cite this article in press as: Amir, M. et al., Oleylamine surface functionalize
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.010The coercive field of FeCoyFe2yO4@OAm NCs
(0.0 6 y 6 1.0) NCs increases significantly when Co3+ concen-
tration becomes y= 0.4. In general, this may happen when
shape anisotropy or magnetocrystalline anisotropy of the par-
ticles is improved. All the samples have been prepared through
the same preparation method and under the same conditions.
Therefore, it is reasonable to think that shape anisotropy of
the particles nearly the same. On the other hand, it is well
known that CoFe2O4 has the largest positive anisotropy due
to the strong spin-orbit coupling at Co3+ sites. Hence, substi-
tution of Co3+ ions in magnetite increases the magnetocrys-
talline anisotropy of the FeCoyFe2yO4@OAm NCs
(0.0 6 y 6 1.0) NCs, and thus, coercive field increases (Zhu
et al., 2013). However, the presence of excess amount of
Co3+ ions (i.e. yP 0.6) in magnetite lattice decreases the coer-
civity again, and it was calculated at Table 2.
We also performed theoretical (Langevin) fit studies for
superparamagnetic data. The equations for Langevin fit stud-
ies were given in the previous reports of our research group
(Baykal et al., 2015a, 2015b). The rs, statistical median (dm),
the geometric standard deviation (D) are the fit parameters
and they are given with average magnetic particle diameter
(Dmag) in Table 2.
3.4. TG analysis
The content of organic OAm in FeCoyFe2yO4@OAm NCs
(0.0 6 y 6 1.0) NCs was determined by TGA and three
selected compositions of y= 0.2, y= 0.6 and 1.0 were taken
for the TGA analysis. As shown in Fig. 5, the weight loss from
RT to 150 C is due to the loss of absorbed residual water for
nanocomposites. Up to the temperature of 500 C TG curves
of all three composition showed the degradation of organic
backbone of Oleylamine groups grafted to the FeCoyFe2yO4
surface and above this temperature, the weight loss for Oley-
lamine is almost zero which confirmed the presence of only
inorganic content of FeCoyFe2yO4 (0.0 6 y 6 1.0) NPs
(Kurtan et al., 2016). Thus the percent of organic content ind FeCoyFe2yO4 (0.0 6 y 6 1.0) nanoparticles. Arabian Journal of Chemistry
6 Md. Amir et al.three selective compositions of y= 0.2, y= 0.6, and y= 1.0
was estimated as 21.60%, 25.28%, and 30.51% and the
percentage of inorganic content 78.40, 74.72, 88 and
69.49 belonged to FeCoyFe2yO4@OAm NCs respectively.
Dmag were also specified as 14.25 nm and 15.37 of 13.67 nm
for y= 0.2 y= 0.6 and y= 1.0 respectively. These value are
in accordance with the crystallite sizes 11.7 nm, 10.7 nm and
7.3 nm obtained from XRD analysis respectively. Therefore
the TG thickness was calculated as 2.55 nm, 4.67 nm and
6.37 nm for y= 0.2 y= 0.6 and y= 0.8 FeCoyFe2yO4@
OAm NCs respectively.
3.5. SEM analysis
SEM micrographs with their related EDX spectra and elemen-
tal maps of FeCo0.2Fe1.8O4@OAm and FeCo0.8Fe1.2O4@
OAm nanocomposites are presented in Fig. 6a and b
respectively. Uniformity in size and shape of all the composi-
tions of FeCoyFe2yO4@OAm NCs (0.0 6 y 6 1.0) NCs was
obtained by the polyol route and can be observed in SEM
images. FeCoyFe2yO4@OAm NCs (0.0 6 y 6 1.0) NCs con-
sisted of regular shaped spherical nanoparticles having small
agglomeration. The SEM analysis was done with 100 nm reso-
lution view of particles which showed smaller crystallites size
and the particles are very close to each other. EDX analysisFigure 6 SEM micrographs with its EDX spectra of (a) FeC
Please cite this article in press as: Amir, M. et al., Oleylamine surface functionaliz
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.010and electro mapping were also performed to characterize ele-
ments of nanocomposites and it can be seen in that nanocom-
posite consists of elements such as C, N, O, Fe, Co (in both
EDX and elemental maps), Fig. 6a and b also shows the repre-
sentative X-ray elemental maps of all elements (C, N, O, Fe,
Co) detected in energy dispersive X-ray spectroscopy for
FeCo0.2Fe1.8O4@OAm and FeCo0.8Fe1.2O4@OAm NCs. The
maps indicate fairly homogeneous elemental distributions
which suggest all products are uniform.
3.6. TEM analysis
TEM micrographs and related particle size distribution dia-
grams of FeCo0.2Fe1.8O4@OAm and FeCo0.6Fe1.4O4@OAm
NCs are given in Fig. 7a and b respectively. Both TEM images
confirmed the spherical morphology of both products. The
particle sizes of FeCo0.2Fe1.8O4@OAm and FeCo0.6Fe1.4O4@
OAm NCs were calculated as 12.2 ± 02 and 11.0 ± 0.3 nm
respectively. These results are in good agreement with the crys-
tallite sizes (from XRD) of same products.
3.7. Cation distribution
The cation distribution in spinel ferrite can be obtained from
the analysis of X-ray diffraction pattern. In the present work,o0.2Fe1.8O4@OAm and (b) FeCo0.8Fe1.2O4@OAm NCs.
ed FeCoyFe2yO4 (0.0 6 y 6 1.0) nanoparticles. Arabian Journal of Chemistry
Figure 6 (continued)
Table 3 Cation distribution calculations of FeCoyFe2yO4@-
OAm (0.0 6 y 6 1.0) NCs.
y Tetrahedral A-site Octahedral B-site
0.0 Fe2+1.0 Fe
3+
2.0
0.2 Fe2+1.0 Co0.2Fe
3+
1.8
0.4 Fe2+1.0 Co0.4Fe
3+
1.6
0.6 Co0.1Fe
2+
0.9 Fe
2+
0.1 Co0.5Fe
3+
1.4
0.8 Co0.2Fe
2+
0.8 Fe
2+
0.2 Co0.6Fe
3+
1.2
1.0 Co0.3Fe
2+
0.7 Fe
2+
0.3 Co0.7Fe
3+
1.0
Oleylamine surface functionalized nanoparticles 7the Bertaut method (Amir et al., 2015) is used to determine the
cation distribution. Ferrites are ferrimagnetic oxides with their
magnetic cations forming two sublattices, namely the tetrahe-
dral (A) and the octahedral [B] crystallographic sites.
It can be noticed in Table 3, that Fe2+ ions preferentially
occupy tetrahedral A-site whereas Fe3+ ions only occupy octa-
hedral B-site. Co3+ ions initially up to y= 0.4, only occupy
octahedral B-site, as the Co3+ ions increased for y> 0.4
and it also occupies tetrahedra A-site by some fraction.
3.8. Mo¨ssbauer studies
The 57Fe Mo¨ssbauer spectra of FeCoyFe2yO4@OAm
(0.0 6 y 6 1.0) NCs were done with ‘‘The 25mCi 57Co (RhPlease cite this article in press as: Amir, M. et al., Oleylamine surface functionalize
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.010matrix) radiation source, shown in Fig. 8. The fitted spectra
in Fig. 8 were used to calculate the related Mo¨ssbauer results
are depicted in Table 4. The spectra were fitted using four sex-
tets, A for the tetrahedral sites and B, B1 and B2 for the octa-
hedral positions. Using the fitting computer program the B-site
pattern has been fitted with three sextets. These three sextets
belong to the Co3+ ions majorly at A-site nearest and Co3+
ions are nearest neighbors of the Fe at B-site.
The spectra for the sample of FeCoyFe2yO4@OAm
(0.0 6 y 6 1.0) NCs with y= 0 showed two paramagnetic cen-
tral doublets due to Fe3+ ions at A–site, where one of the sex-
tets arises due to its smaller hyperfine field of the Zeeman
pattern of to Fe3+ ions at tetrahedral (A) and the second sextet
corresponds to the Fe3+ ions at octahedral (B) site which
existed due to its larger hyperfine field of the Zeeman pattern
(Amir et al., 2015; Greenwood and Gibb, 1971; Baldha and
Kulkarni, 1984). The presence of paramagnetic phase C in
the Mo¨ssbauer results was assumed due to the magnetically
ordered spins behavior of few nearest neighbors of a fraction
of Fe ions (Dobson et al., 1970; Ok et al., 1990).
The Mo¨ssbauer spectra of FeCo0.6Fe1.4O4@OAm, FeCo0.8-
Fe1.2O4@OAm and FeCoFe2O4@OAm NCs exhibit the addi-
tional presence of a quadrupole-split doublet. A fraction of Fe
ions consist of few nearest neighbors possessing magnetically
ordered spins are responsible for the existence of the paramag-
netic phase in the Mo¨ssbauer spectra (Dobson et al., 1970).
The largest hyperfine with bigger isomer shift is characteristicd FeCoyFe2yO4 (0.0 6 y 6 1.0) nanoparticles. Arabian Journal of Chemistry
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Figure 7 TEM micrographs of (a) FeCo0.2Fe1.8O4@OAm and (b) FeCo0.6Fe1.4O4@OAm NCs along with their particle size distribution
diagrams.
8 Md. Amir et al.of Fe3+ ions in the octahedral B-site but the lower values of
both parameters are due to Fe3+ ions in the tetrahedral A site
(Widatallah et al., 2013; Siddique and Butt, 2010; Jadhav et al.,
2015). This is because of the presence of magnetic ion (Co3+)
at B-site (Jadhav et al., 2015). In most of the magnetic materi-
als such as magnetite and ferrites, hyperfine magnetic field at
B-site is generally considered to be larger than hyperfine mag-
netic field of that A-site and this corresponds to the dipolar
field. This hyperfine behavior of A-site and B-site is due to
deviation from covalent nature and cubic symmetry of tetrahe-
dral bonds (Widatallah et al., 2013; Siddique and Butt, 2010;
Jadhav et al., 2015; Lakshman et al., 2006).Please cite this article in press as: Amir, M. et al., Oleylamine surface functionaliz
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.010According to Table 4, as the concentration of Co3+ ions
increases, the hyperfine field values at B- and A- sites slowly
decrease which can be explained by Neel’s super exchange
interaction model (Neel, 1948). Neel’s model is based on the
inter sublattice exchange interactions. From the Mo¨ssbauer
spectra, it can be said that both A and B sites are occupied
by Fe3+ and Co3+ ions, and mostly: Fe3þA O Fe3þB ,
Fe3þA O Co3þB , Fe3þB O Co3þA interactions can be taken
under consideration, as the interaction of AA or BB assumed
to be very weak and can be neglected. Therefore only strong
interaction can originate the net magnetic field. As the concen-
tration of larger number Co3+ ions of lower magnetic momented FeCoyFe2yO4 (0.0 6 y 6 1.0) nanoparticles. Arabian Journal of Chemistry
Table 4 Parameters of Mo¨ssbauer spectra of FeCoyFe2yO4@OAm (0.0 6 y 6 1.0) NCs (Bhf: hyperfine magnetic field. I.S: isomer
shift. Q.S: quadrupole splitting. W: line width. RA: Relative area).
x Spectral component I.S. (±0.003) (mm s1) Q.S. (±0.005) (mm s1) Hhf (±0.02) (T) W (±0.0) (mm s
1) Area (%)
0.2 Sx- B: Fe3+ 0.3433 0.0061 50.862 0.38293 17.023
Sx- A: Fe3+ 0.3097 0.0115 49.522 0.3584 18.51
Sx- B1: Fe
3+ 0.3245 0.0252 47.872 0.5651 30.353
Sx- B2: Fe
3+ 0.4046 0.003 44.223 1.5042 34.114
0.4 Sx- B: Fe3+ 0.3441 0.051 50.525 0.357 15.152
Sx- A: Fe3+ 0.2863 0.0325 49.205 0.3591 25.024
Sx- B1: Fe
3+ 0.3652 0.0647 47.879 0.5336 17.036
Sx- B2: Fe
2+, Fe3+ 0.5152 0.0248 45.183 0.7155 42.788
0.6 Sx- B: Fe3+ 0.3304 0.0026 49.445 0.3578 15.622
Sx- A: Fe3+ 0.3159 0.0016 47.382 0.6122 16.316
Sx- B1: Fe
3+ 0.3366 0.0064 44.793 0.6424 19.29
Sx- B2: Fe
3+ 0.3497 0.0181 40.22 1.241 31.349
Db: Fe3+ 0.3469 1.413 – 1.9849 17.422
0.8 Sx- B: Fe3+ 0.3312 0.0212 48.636 0.7188 12.152
Sx- A: Fe3+ 0.3189 0.02125 45.36 0.6795 17.094
Sx- B1: Fe
3+ 0.3209 0.03267 40.204 2.2493 53.939
Db: Fe3+ 0.3403 1.1717 – 1.4256 16.816
1 Sx- B: Fe3+ 0.3236 0.0174 48.458 0.7375 12.62
Sx- A: Fe3+ 0.3316 0.005 45.901 0.7468 23.486
Sx- B1: Fe
3+ 0.3519 0.0466 41.92 2.2965 46.762
Db: Fe3+ 0.3339 0.6525 – 1.2037 17.131
Oleylamine surface functionalized nanoparticles 9of 5.4 lB increased, Fe
3+ ions of higher magnetic moment of
5.92 lB replaced by the Co
3+ ions and the number of magnetic
linkages in Fe3þA O Fe3þB , Fe3þA O Co3þB and
Fe3þB O Co3þA decrease and consequently Fe3+ nuclei expe-
rience a fraction of reduction in the magnetic field at both the
sub lattices.
The chemical isomer shifting (I.S) normally takes place due
to the change in differing chemical environments and nuclear
radius and depends on s-electron density and the shielding
effect of p, d and f electrons. As it can be seen in Mo¨ssbauer
spectra, the isomer shift at B sites is larger than that of A-
sites, due to the higher covalence which resulted in the larger
overlapping of Fe3+–O2 ions at B-sites as compared to A-
site (Lakshman et al., 2006). The observed and calculated
ranges of isomer shift of the A and B magnetic pattern are
0.2863–0.5152 mm s1 at room temperature. It is well known
that in the magnetically ordered phase, the valence of Fe
should be mainly distinguished by the isomer shift (0.6–
1.7 mm s1 for Fe2+, 0.05–0.5 mm s1 for Fe3+ and 0.15
to 0.05 mm s1 for Fe4+) (Hodges et al., 2000). Thus the iso-
mer shift values attribute to Fe3+ charge state behavior in A
and B sites, and are specific characteristics of the high spin
Fe3+ charge state. The high values of isomer shift of B2 of
FeCoyFe2yO4@OAm (0.0 6 y 6 1.0) NCs for y= 0.4 may
signal the presence of Fe2+ ions at B sites. The Mo¨ssbauer
study suggested that isomer shift values do not change as the
concentration of Co3+ ions varies, which explained that there
is no specific change in s-electron charge distribution around
the Fe3+ nucleus at A or B sites depending on concentrations
of Co3+ ions.
In Table 4, Q.S value was calculated for all the composi-
tions of FeCoyFe2yO4@OAm (0.0 6 y 6 1.0) NCs. ThisPlease cite this article in press as: Amir, M. et al., Oleylamine surface functionalize
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.010value gives the information regarding the local distortions
and symmetry of crystal lattice. The electric field gradient
(EFG) of varying magnitude, sign, direction and symmetry
causes due to the nonspherical distribution of 3d electrons of
the cations and effective charge on the neighboring ions
(Ata- Allah et al., 2000). Siddique et al. also reported that
the ionic radii play a large role than their charges in the local
symmetry of EFG (Siddique and Butt, 2010). The values of Q.
S for observed components with respect to composition of
FeCoyFe2yO4@OAm (0.0 6 y 6 1.0) NCs are negligible and
change randomly with addition y value.
4. Conclusion
In this study, single spinel phase FeCoyFe2yO4@OAm (0.0 6 y 6 1.0)
NCs were prepared via polyol method. Nanosize structure and mor-
phology of as prepared nanocomposites were confirmed using XRD
powder diffraction, SEM micrographs and TEM images. EDX analy-
ses confirmed the predicted chemical composition of the products.
Nearly homogeneous distribution of elements in products was con-
firmed by Elemental mapping. The successful surface modification of
Fe3O4 NPs by capping of OAm was proved by both TG analysis
and FT-IR spectroscopy respectively. Cation distribution calculations
showed that octahedral and tetrahedral site preference of Fe2+, Fe3+
and Co3+ ions depend on the substitution (x). The smaller ionic radius
of Co3+ ions (0.78 A˚) disturbs the JAB exchange interaction diminish-
ing the magnetization of B-sublattice (i.e., MB). As a result, the net
magnetization of Fe3O4 NPs decreases. The hyperfine fields (Hhf) at
A and B sites decrease with increase in concentration of Co3+ ions.
The Mo¨ssbauer spectrum is composed of ferromagnetic sextets for
the samples. The superparamagnetic doublet is also formed for
y= 0.6, 0.8 and 1 values. Cubic symmetry is not affected with concen-
tration of Co3+ ions. As seen from the Mo¨ssbauer results, there is an
increase in the coercivity of Fe3O4 NPs due to the doping of transitiond FeCoyFe2yO4 (0.0 6 y 6 1.0) nanoparticles. Arabian Journal of Chemistry
Figure 8 Room temperature Mo¨ssbauer spectra of FeCoyFe2y
O4@OAm (0.0 6 y 6 1.0) NCs.
10 Md. Amir et al.Co3+ ions and behavior of as prepared FeCoyFe2yO4@OAm
(0.0 6 y 6 1.0). NCs can be considered to be used in recording media,
magnetic fluids recording, catalysis, biotechnology/biomedicine, mate-
rial sciences, photo catalysis, electrochemical and bioelectrochemical
sensing, microwave absorption, magnetic resonance imaging [MRI],
medical diagnosis, data storage, and environmental remediation.Please cite this article in press as: Amir, M. et al., Oleylamine surface functionaliz
(2016), http://dx.doi.org/10.1016/j.arabjc.2016.10.010Acknowledgments
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